We report the generation of plasma columns in gas-filled capillary channels using discharge excitation powers that exceed those of previous studies by one to two orders of magnitude. Current pulses up to 200 kA and 10-90 % rise time of ϳ10 ns ͑current increase rate ϳ1.5ϫ10
I. INTRODUCTION
There is significant interest in the development of practical soft-x-ray lasers for applications ͓1͔. Excitation approaches include the use of high power lasers and fast capillary discharges ͓1-10͔. Fast capillary discharges have been demonstrated to efficiently generate highly uniform plasma columns of small diameter ͓11,13͔, in which large soft-x-ray amplification has been obtained by collisional excitation of Ne-like ions at wavelengths ranging from 46.9 to 60.8 nm ͓2,6,9͔. In the particular case of Ar discharges the gain-length product for the 3p 1 S 0 -3s 1 P 1 transition of Ne-like Ar at 46.9 nm has exceeded saturation ͓7͔, allowing for the generation of laser output pulse energies approaching 1 mJ and average powers up to 3.5 mW ͓10͔. Large amplification was also demonstrated in Ne-like Cl at 52.9 nm ͓9͔ and in Nelike S at 60.8 nm ͓6͔. These lasers required the generation of plasma columns with electron densities of the order of 5 ϫ10 18 cm Ϫ3 and electron temperatures in the range of 60-80 eV ͓2,6,7͔. Such conditions were achieved utilizing fast current pulses with peak amplitude between 23 and 40 kA ͓2,6,7,9͔. There is interest in the possible extension of this laser pumping scheme to shorter wavelengths. However, this requires the generation of significantly hotter and denser plasma columns ͓12,13͔, which in turn demands a substantial scaling of the excitation power density.
Herein we report the generation and study of capillary discharge plasma columns created utilizing discharge powers between one and two orders of magnitude larger than those used in previous experiments with gas-filled capillaries. The plasma columns were generated utilizing current pulses with 10-90 % rise time of about 10 ns and peak amplitude of up to 200 kA. Utilizing this discharge, Ar plasma columns were generated in capillaries with diameters of 3.3 mm and 4 mm made of either alumina (Al 2 O 3 ) or polyacethal (CH 2 O) n filled with 1.3 T of Ar gas. As discussed below, the discharges in ceramic capillaries produced plasmas with a slightly higher degree of ionization. Since plasma columns with maximum degree of ionization are of most interest for the development of shorter wavelength discharge-pumped lasers, the majority of the data presented in this paper corresponds to ceramic capillaries. The plasmas were diagnosed using time resolved soft-x-ray spectroscopy and pinhole camera images. The dynamic of the plasma was also studied with numerical simulations. The plasma columns obtained are significantly hotter and denser than those reported in all previous gas-filled capillary experiments ͓2-6,12,13͔. The next sections of the paper discuss the generation of the highpower-density capillary discharge plasma columns and the plasma diagnostic measurements, followed by an interpretation of the results based on model simulations.
II. EXPERIMENTS
Fast current pulses were generated through the capillary load utilizing a new type of pulsed power generator composed of three pulse compression stages. The first two stages consist of a conventional Marx generator and coaxial water capacitor that has the purpose of rapidly charging the third and final pulse compression stage. The eight-stage Marx generator is capable of operating at voltages up to 800 kV. The second compression stage, which consists of a 26 nF coaxial water capacitor, is charged in about 1 s. In turn this water capacitor is discharged through a self-breakdown spark gap pressurized with SF 6 gas to charge the third and final stage in about 75 ns. This rapid charging avoids breakdown of the water-dielectric, and minimizes the charge leakage to ground *Email address: rocca@engr.colostate.edu through the finite resistant of the water used as dielectric in the transmission line of the final compression stages. The third stage, illustrated in Fig. 1͑a͒ , is of different design and consists of two radial water dielectric transmission lines connected in a Blumlein configuration. The fast current pulse that excites the capillary plasma is produced by discharging the Blumlein transmission line through an array of seven synchronized triggered spark-gap switches distributed along the outer diameter of the water transmission line. This circular array of gas pressurized spark gaps approximates a large single multichannel spark gap, allowing for a very rapid switching of the Blumlein. The capillary load is placed in the axis of the Blumlein, which together with the spark gap array defines a very low inductance loop that allows for the generation of very fast current rise times, exceeding 1.5 ϫ10 13 A/s. The ground electrode is designed to have a central hole that allows for the observation of the axially emitted plasma radiation. Figure 1͑b͒ illustrates a current pulse having a peak current of 200 kA and a 10-90 % rise time of ϳ10 ns. The current pulse was measured with a Rogowsky coil having a response risetime of less than 1 ns. These pulse characteristics significantly exceed those of previous experiments with gas-filled capillary discharges ͓2,12,13͔. Immediately preceding the fast discharge pulse the capillary channels were preionized with a current pulse of 20-40 A and 10 s duration. Typically several tens of shots were made with each capillary. The gas was injected utilizing a pulsed valve and was evacuated through a differential pumping system that made use of two turbomolecular pumps.
The radial evolution of the plasma columns was studied by means of an on-axis pinhole camera. A 90 m pinhole was utilized to image the plasma over the detection plane with a magnification of 3.5ϫ. The gated detection system, consisting of a microchannel plate ͑MCP͒ intensified charge coupled device ͑CCD͒ array detector, had a time resolution of ϳ4 ns. Wavelength discrimination was achieved utilizing one of two different sets of filters in front of the pinhole camera. Figure 2 shows a sequence of time resolved pinhole images of the soft-x-ray emitting region of the plasma for wavelengths mainly below 3 nm. The images correspond to a 4 mm diameter ceramic capillary excited by current pulses of about 190 kA peak current. Wavelength discrimination was obtained using a stack composed of a 1 m thick carbon filter and a 0.2 m thick aluminum filter. The carbon filter alone transmits photons below 3 nm, and also in a window between about 4.5 and 10 nm. The addition of the Al filter decreases the transmissivity in this window by a factor that increases from about 6ϫ at 4.5 nm to about 600ϫ at 10 nm as compared with the carbon filter alone, significantly enhancing the relative contribution to the images of photons with wavelengths below 3 nm. The sequence of images shows the formation of a strong shock that originates near the capillary walls and evolves to form a compressed plasma column at the center of the capillary. The earliest image, obtained at 20 ns from the beginning of the current pulse, shows a cylindrical shell with an outer diameter of ϳ800 m caused by the current distribution determined by electromagnetic field diffusion from the wall toward the axis. The subsequent images show the rapid continuous compression of the plasma column, which reaches a minimum diameter of about 300 m at ϳ25 ns after the beginning of the current pulse. Subsequently the plasma column expands, and the intensity of the radiation emitted within this spectral range decreases rapidly. At times after 31 ns the intensity drops below the detection limit. It should be noticed that the asymmetry observed in the wings of the profiles corresponding to the larger diameter images is caused by an imperfect alignment of the pinhole rather than by an asymmetry in the plasma column. Figure 3 shows a series of pinhole images for discharge conditions similar to those of photons in the 4.5-10 nm spectral region. In this case the pinch at about 25 ns is largely concealed by the overlap with stronger emission at longer wavelengths, that at this time occurs in a much larger plasma region. However, Fig. 3 clearly shows the occurrence of a latter pinch that takes place around 36 ns from the beginning of the current pulse. This weaker second pinch was not observed with the stack of the two filters and therefore corresponds to a colder plasma. Fig-FIG. 2 . ͑Color͒ Sequence of time resolved pinhole camera images obtained with discharge current pulses of ϳ190 kA with a 10-90 % rise time of 11 ns through a 4 mm diameter ceramic capillary. The images were taken using a 1 m thick C filter plus a 0.2 m thick Al filter. The image corresponds mainly to photons with wavelength below 3 nm. ure 4 shows a different measurement of the time evolution of the radiation obtained with an MCP intensified vacuum photodiode and a filter stack composed of a 1 m thick C filter and a 0.2 m thick Al filter. This measurement shows that in the 4 mm diameter capillaries the maximum emission occurs ϳ27 ns after the initiation of the current pulse.
Time resolved spectroscopy was carried out through selected intervals in the spectral range between 3 and 30 nm to study the evolution of the degree of ionization of the plasma. The radiation axially emitted by the plasma was analyzed using a 1 m grazing incidence spectrograph having a 1200 l/mm gold coated grating placed at 85.8°. A cylindrical mirror placed at a grazing incidence angle of 2°was used to collect the radiation and focus it into the entrance slit of the spectrograph. The time resolved spectra were recorded utilizing a gated MCP/CCD detector with a temporal resolution of ϳ5 ns. The spectral range between 18 and 23 nm, which contains spectral lines belonging to all the ionization stages between Ar XI through Ar XV, was found to be the most suitable to study the time evolution of the plasma. Figures 5͑a͒ and 5͑b͒ show typical spectra corresponding to a time near the occurrence of maximum ionization for polyacethal and ceramic capillaries, respectively. They correspond to plasma columns generated using current pulses with 197 kA peak amplitude and a 10-90 % rise time of 11 ns. The dominance in the ceramic capillaries of the Ar XV line at 22.11 nm ͑iden-tified with an arrow in the spectra͒, and the larger intensity ratio between adjacent 18.795 nm Ar XIV and 18.882 nm Ar XI lines visible at the left of the spectra in Fig. 5͑b͒ , are indicative of a larger degree of ionization.
The series of time resolved spectra in Figs. 6 and 7 provides information of the temporal variation of the degree of ionization of the plasma for discharges in 4 mm and 3.3 mm diameter ceramic capillaries, respectively. The peak amplitude and rise time of the current pulses were maintained approximately constant for these two series at 190Ϯ5 kA and 11.5Ϯ1.5 ns ͑10-90 %͒, respectively. The variation of the intensity of the Ar XV line relative to the Ar XIV lines and the changing ratio of intensities between the two adjacent lines of Ar XIV and Ar XI at the left of the spectra give again an indication of the variation of the degree of ionization. This line intensity ratio peaks around the time corresponding to the first pinch, identified in the pinhole images in the vicinity of 25 ns. Figure 7 shows that the Ar XV line is almost absent at 18.4 ns after the beginning current pulse and begins to dominate approximately at 21.6 ns after the initiation of the current pulse.
The high intensity of the Ar XV line in the ceramic capillaries suggests that lines corresponding to Ar XVI ions might also be present. Line emission was indeed observed at several wavelengths corresponding to Ar XVI lines in the 3-30 nm range. However, the presence of these lines could not be confirmed due to their overlap with first or second order lines from Ar ions of lesser charge. Nevertheless, the theoretical calculations discussed below predict the existence of Ar XVI ions under the operating conditions of this capillary discharge. These simulations, performed with the code RADEX ͓10-13͔, show that in the case of steady-state ionization equilibrium calculated for the average value of the electron density over the time of collapse, the Ar XV ions reach maximum abundance at a temperature of ϳ160-180 eV. In such ionization equilibrium conditions, slightly larger temperatures T e ϳ180-200 eV are required for the relative intensities of Ar XIV and Ar XV lines to be similar to those observed in the experiment. However, the ionization equilibrium values usually represent only an estimate of the lower limit of the real temperature. In the dynamic situation of the experiment, in which the limited hot plasma lifetime is shorter than the ionization time for the high-Z species present in the plasma, the temperature necessary for the creation of such spectra is notably larger. Transient ionization and hydrodynamic calculations done with RADEX, indicate the maximum electron temperature required to generate such spectra must be larger than 250 eV. This suggests the possibility of using fast high current capillary discharges for generating hightemperature plasmas approaching the keV range.
III. MODEL SIMULATIONS
The evolution of the plasma column was modeled with the one-dimensional radiative hydrodynamic-atomic code RADEX ͓13-15͔. The model includes two temperature hydrodynamics equations, Maxwell's equations, and multicomponent atomic kinetics and radiation transport. The physical model remains in most respects similar to the one which was applied to the study of capillary discharge soft-x-ray lasers ͓7,12-14͔ and microcapillary plasmas ͓15͔ in recent years, but includes the atomic kinetics of the highly ionized species needed to reproduce the experimentally observable characteristics of this much higher power capillary discharge. It also contains a description of wall ablation for either polyacethal or ceramics capillaries, which includes the use of the equations of state for the solid material and the plasma, and the phenomena of vaporization and ionization to reproduce the phase transformation from solid to vapor and finally to plasma ͓16,17͔.
To obtain a consistent picture of the dynamics of the capillary plasma we performed numerous comparisons between the simulations, the experimental spectra, and pinhole images for a large variety of experimental conditions. In the RADEX radiation hydrodynamics the transport of the photons inside the atomic line profiles was modeled in the BibermanHolstein approximation ͓18͔ which takes advantage of the 1D symmetry of the capillary plasma. More than 30 000 lines were included, of which nearly 3000 are observed in the spectral region between 15 and 23 nm. Two-dimensional edge effects associated with the escape of the plasma from the capillary are not important in such short-pulse highcurrent device, and are negligible for many applications such as soft-x-ray lasers. However, the axial velocity spread at the end of the column somewhat influences the opacity of optical FIG. 5 . ͑Color͒ Time resolved spectra corresponding to ͑a͒ polyacethal capillary, and ͑b͒ ceramic capillary obtained at the time of maximum ionization. The peak current was 197 kA with a rise time of 11 ns. thick lines emitted from the exit region of the capillary facing the spectrometer. Hence, the synthesized spectra corresponding to these conditions cannot be expected to precisely match the measured spectra. Nevertheless, since the main effect of the radiation on the hydrodynamic and atomic kinetics is dominated by the radiation transport in the radial direction, the computed spectra not only show all the lines identified in the experiments, but also reasonably match their intensities.
Note that a similar range of capillary diameters, gas pressures and composition was previously investigated for smaller current discharges ͓7,12͔. It was found in the calculations that the major difference between the high current and the lower current cases is the much larger shock-induced plasma temperature change, as it is natural to expect from the much larger amplitude and shorter duration of the current pulse. In this case the plasma speed just before the collapse reaches 2ϫ10 7 cm/s as compared to 6ϫ10 6 cm/s in the case of the 40 kA discharges used in the first Ne-like Ar soft-x-ray laser experiments ͓2,7,12͔. The depth of the layer in front of the hot dense shock is of the order of 100-200 m and is defined by the heat conductivity in the low density gas, and in a lesser extent by the process of electromagnetic field diffusion. The process of heat conduction substantially facili- FIG. 6 . ͑Color͒ Sequence of time resolved spectra corresponding to a 190Ϯ5 kA discharges through a 4 mm diameter ceramic capillary. The 10-90 % current rise time was 11.5Ϯ1.5 ns.
tates the achievement of the high electron temperature resulting in the high degree of ionization observed in the experiment, by introducing additional entropy in the compressed core before the shockwave collapses on axis. Also when the heat wave and the electromagnetic wave arrive on axis, the maximum of the current density and joule dissipation switch to the center of the capillary as in the Ne-like Ar soft-x-ray laser case. Quickly after that, within 1-2 ns, the front of the shock wave arrives to form the hot dense plasma column. Mass continues to be supplied, and after several more ns the plasma starts to cool due to expansion, radiation losses and current decay. At the time of maximum compression the interface between the Ar plasma and the evaporated wall material is computed to be positioned relatively far from the compressed central region, ϳ250-400 m. The total current flowing inside the compressed plasma column is a small fraction of the order of 10-15 % of the total current. As it was noted in Ref. ͓19͔, this situation probably helps to suppress the current instabilities. Hence, it is reasonable to suggest that the combination of several factors including the smaller current and pinch radius, together with very good initial plasma symmetry and relatively short time duration of FIG. 7 . ͑Color͒ Sequence of time resolved spectra corresponding to a 190Ϯ5 kA discharges through a 3.3 mm diameter ceramic capillary. The 10-90 % current rise time was 11.5Ϯ1.5 ns.
the entire compression process, substantially facilitate the suppression of the MHD and current instabilities which commonly plague most high current discharge experiments. However, further 2D and 3D numerical modeling is required to determine the main reason of the relatively good stability of these discharges.
The shock wave originates in the vicinity of the capillary surface as the result of the strong ponderomotive JϫB force and heating in the skin layer, and then propagates with the speed defined by electromagnetic field diffusion, the Alfven time, and hydrodynamics time. The plasma compression on axis and the dissipative electron viscous heating ͓20͔ are computed to induce for a brief period of time a maximum electron temperature as high as 450-500 eV. However, as shown in Fig. 8 , this temperature rapidly relaxes to 200-270 eV in 1-2 ns due to strong ionization and line radiation at electron densities of (1 -2)ϫ10 20 cm Ϫ3 , which are 3-4 times higher than those obtained in the case of the 40 kA capillary discharges. The electron density reaches its maximum value 3-5 ns after the time of maximum temperature, which corresponds to the minimum observable source size. The nonstationary degree of ionization also reaches its maximum average ion charge of Z s ϳ15.4 at this time, and 3-4 ns later the plasma starts to recombine. Figure 9 shows the computed radial profile of the electron temperature and density at the time of maximum compression for the 3.3 mm diameter ceramic capillary with the same discharge conditions as in Fig. 8 . The calculated electron temperature and density on axis are 295 eV and 1.2ϫ10 20 cm Ϫ3 , respectively. The compressed plasma diameter is computed to reach a minimum diameter of 250-300 m at ϳ19 ns and ϳ25 ns after the initiation of the current pulse in the 3.3 mm and 4 mm diameter capillaries, respectively. This size of the softx-ray emitting is in agreement with the observed extent of the soft-x-ray emitting region of the plasma at the time of maximum compression. The simulations also show that a concave electron density profile is formed in the axial region by the reflected shock ϳ1.5 ns after the column collapse. This prediction is corroborated by the observation of a depression at the axis of the soft-x-ray emission profiles in the pinhole image acquired a few ns after the maximum compression ͑see the 28 ns and 31 ns frames in Fig. 2͒ . Such kind of electron density profile might be advantageous for some applications, for example waveguiding of soft-x-ray laser beams. Note that, as in previous soft-x-ray laser experiments, in the current experimental setup the time of the plasma column collapse is well matched to the current pulse duration. Hence the energy stored in the driving circuit is well utilized, resulting in efficient plasma generation.
The amount of mass ablated from the capillary wall and involved into the plasma compression process is smaller for the ceramic capillaries than for those made of polyacethal. This is due to several factors, among which are the larger activation energy and thermal conductivity of alumina relative to that of easily thermally decomposed plastic. However, the hydrodynamics of plastic and ceramics wall capillaries were not found to be greatly different. The moment of arrival of the shock wave to the center is similar, 17 and 17.5 ns, respectively, since it is mostly defined by the ponderomotive force and thermal pressure exerted on the plasma in the initial ϳ10 ns of the discharge, when the evaporated part of the total mass is very small. In both cases, quickly after the initial stage of the discharge, an additional acceleration of the shock front due to electromagnetic field diffusion takes place in the argon part of the plasma column. This acceleration further minimizes the differences in compression time. The electron temperature is slightly larger in the case of the ceramics capillary, resulting in the more intense Ar XV line emission observed in the experiments. This is mainly the result of higher plasma heating arising from the nearly two times larger plasma resistivity in the case of the higher Z ceramic capillary plasma ͓21͔. The differences in resistivity do not have a major effect on the overall discharge current, because it is mainly defined by the larger impedance of the generator.
IV. CONCLUSIONS
In summary, we have generated plasma columns of about 300 m diameter and electron temperatures Ͼ250 eV utilizing fast discharge pulses with a current rise time of ϳ1.5 ϫ10 13 A/s and peak currents up to 200 kA. Model computations predict plasma column diameter and spectra similar to those observed in the experiments, and suggest the electron densities reach values Ͼ1ϫ10 20 cm Ϫ3 . These plasma conditions fulfill the requirements necessary for a variety of possible applications, in particular for attempting the demonstration of discharge-pumped lasers at significantly shorter wavelengths. Of main interest are laser transitions in Ni-like ions, sequence which scales to shorter wavelengths more rapidly than the Ne-like sequence used in the previous capillary discharge soft-x-ray laser demonstrations. For the high electron temperatures and densities that the above results show are achievable with these type of high current capillary discharges, the atomic elements suitable for lasing in the Ni-like sequence range from Zϭ42 ͑Mo͒ to 50 ͑Sn͒. The wavelengths of the 4d 1 S 0 -4p 1 P 1 transition of these elements cover the region between 18.9 and 11.9 nm. For example, for the 13.2 nm line of Ni-like Cd XXI the gain is calculated to be ϳ1-2 cm Ϫ1 , and potentially Ͼ3 cm Ϫ1 for optimum discharge parameters. Larger gain coefficients are estimated for Ni-like Ag XX ͑13.9 nm͒ and Pd XIX ͑14.65 nm͒.
